The present study has evaluated the hypothesis stating that glycoprotein (GP) Ib/lX, the receptor for von Willebrand factor (vWF), is downregulated and cleared from exposed surfaces to channels of the open canalicular system (OCS) on platelets activated by thrombin in suspension. Cryosections of resting and thrombin-activated platelets fixed at intervals of 1 to 30 minutes after stimulation by thrombin and stained with antiglycocalicin antibody and protein A gold showed no decrease in the density of GPlb/lX receptors on the platelet surface or increase on linings of the OCS at any interval after LYCOPROTEIN (GP) IBfiX, the receptor for von Willebrand factor (vWF), serves an important role in the attachment of blood platelets to damaged subendothelium, particularly under conditions of high shear." The GPIWIX receptors are dispersed randomly from edge to edge on resting discoid platelet^.^.' After activation by thrombin in suspension, recent studies using flow cytometry and immunoelectron microscopy have suggested that GPIb/IX receptors alone or bound to vWF are almost completely cleared from the exposed membrane to channels of the surface-connected open canalicular system (OCS).'"' Downregulation and clearance of GPIbfiX from platelet surfaces are believed to be critical steps in the hemostatic reaction in vivo.'".'' However, investigations of surface-activated platelets have failed to support the concept that GPIb/IX receptors alone or coupled to vWF are cleared from activated platelet surfaces to channels of the OCS.'4.'5 Exposure of platelets to thrombin in suspension before mounting on formvar grids or after the cells had attached to the surface, then allowing the cells to spread for 20 minutes. or occupation of the GPIb/ IX receptors on spread platelets with vWF for up to an hour, or the combination of all three modes of stimulation failed to cause a decrease in number or translocation of GPIbfiX or GPIbflX-vWF complexes to platelet centers or channels of the OCS." However, studies describing the downregulation of GPIbl IX and clearance of GPIblIX-vWF complexes to the OCS on thrombin-activated platelets were performed on platelets 
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The present study has evaluated the hypothesis stating that glycoprotein (GP) Ib/lX, the receptor for von Willebrand factor (vWF), is downregulated and cleared from exposed surfaces to channels of the open canalicular system (OCS) on platelets activated by thrombin in suspension. Cryosections of resting and thrombin-activated platelets fixed at intervals of 1 to 30 minutes after stimulation by thrombin and stained with antiglycocalicin antibody and protein A gold showed no decrease in the density of GPlb/lX receptors on the platelet surface or increase on linings of the OCS at any interval after LYCOPROTEIN (GP) IBfiX, the receptor for von Willebrand factor (vWF), serves an important role in the attachment of blood platelets to damaged subendothelium, particularly under conditions of high shear." The GPIWIX receptors are dispersed randomly from edge to edge on resting discoid platelet^.^.' After activation by thrombin in suspension, recent studies using flow cytometry and immunoelectron microscopy have suggested that GPIb/IX receptors alone or bound to vWF are almost completely cleared from the exposed membrane to channels of the surface-connected open canalicular system (OCS).'"' Downregulation and clearance of GPIbfiX from platelet surfaces are believed to be critical steps in the hemostatic reaction in vivo.'".' ' However, investigations of surface-activated platelets have failed to support the concept that GPIb/IX receptors alone or coupled to vWF are cleared from activated platelet surfaces to channels of the OCS.'4.'5 Exposure of platelets to thrombin in suspension before mounting on formvar grids or after the cells had attached to the surface, then allowing the cells to spread for 20 minutes. or occupation of the GPIb/ IX receptors on spread platelets with vWF for up to an hour, or the combination of all three modes of stimulation failed to cause a decrease in number or translocation of GPIbfiX or GPIbflX-vWF complexes to platelet centers or channels of the OCS." However, studies describing the downregulation of GPIbl IX and clearance of GPIblIX-vWF complexes to the OCS on thrombin-activated platelets were performed on platelets stimulation by thrombin. Thin sections of platelets exposed to thrombin in suspension followed by settling onto a plastic chamber for intervals of 1 to 30 in suspension.6"" To resolve the differences observed in studies of surface and suspension-activated platelets, we have initiated a series of investigations on platelets in suspension.
In the present study we have used ultrastructural immunocytochemistry to determine if GPIb/IX receptors are cleared from platelet surfaces after exposure to thrombin for intervals of up to 30 minutes. Localization of GPIb/IX in cryosections and plastic thin sections of resting and thrombin-activated platelets in suspension showed no differences in receptor density on the exposed surface membrane or lining channels of the OCS.
MATERIALS AND METHODS

Prepnrution ojp1atelet.s.
Blood for the present study was obtained after informed consent from donors used regularly in our studies and known to be free of all medications. Blood obtained by venepuncture was mixed immediately with citrate-citric acid dextrose (CCD) (93 mmol/L sodium citrate, 7.0 rnrnol/L citric acid, and 140 mmol/L dextrose), pH 6.5, i n a ratio of 9 parts blood to 1 part anticoag~lant.~' Platelet-rich plasma (PRP) was obtained by centrifugation of the whole blood for 20 minutes at IOOg. Plateleu from PRP were washed twice with an equal volume of CCD with I O mmol/L adenosine and 3 mmoUL theophylline added.Ix The final pellet was resuspended in Hanks' balanced salt solution (HBSS) without calcium and adjusted to 50,000 platelets/pL.
Preparatiun of plasmas. Human platelet-poor plasma (PPP) was prepared from PRP by centrifugation at 1,000g for 10 minutes. Human PPP was incubated with ristocetin (1.2 mg/mL) antibiotic before use." Humate-P (Behringwerke-HG, Marberg-Cahn, Germany), a partially purified preparation of vWF, was also activated with ristocetin (1.2 mg/mL). Bovine blood was obtained from healthy adult cattle housed under supervision of the School of Veterinary Sciences at the University of Minnesota. Samples aspirated from the external jugular vein were mixed immediately with the CCD anticoagulant described above in a ratio of 9: I.'" Bovine PPP was prepared in the same manner as human PPP for vWF. Immunoblots of the human and bovine plasmas were prepared to be sure their content of vWF was comparable (data not shown). Multimers of human and bovine vWF are virtually identical.
Antibodies. The rabbit polyclonal antibody against the glycocalicin portion of GPIb, was kindly provided by Dr Ken Cletnetson (Theodor K o c h Institut, Berne, Switzerland). It blocks ristocetininduced human plasma or purified vWF-induced platelet agglutination and prevents deposition of vWF multimiers on spread cells.'*." The antiglycocalicin antibody has been shown in several previous studies to be an excellent, highly specific probe for GPIblIX on human platelets."'."""
The polyclonal rabbit-antihuman vWF is from DAKO (Santa Barbara, CA; code no. l A082, lot no. 128). Its specificity for human, For personal use only. on October 22, 2017. by guest www.bloodjournal.org From bovine, and porcine vWF has been shown in several previous studExperimental studies for cryosection. Samples of washed platelets in HBSS were maintained at 37°C for 30 minutes and combined with 2 to 5 mmoVL of glycyl-L-prolyl-L-arginyl-L-proline (GPRP) (Calbiochem, San Diego, CA). Samples of resting platelets were fixed in an equal volume of 4% paraformaldehyde in phosphatebuffered saline (PBS), pH 7.2. Experimental samples combined with GPRP with or without 1 mmom EDTA were exposed to 0.1 U/mL of thrombin for intervals of 1, 3, 5, 10, 20, and 30 minutes without stirring. At the end of each interval the platelets were fixed in an equal volume of 4% paraformaldehyde in PBS. The resting and activated samples were concentrated to a pellet by centrifugation. The supernatant was removed, fresh fixative was added, and the fixation of the pellet was continued for 24 hours at 4°C. After this period small portions of the pellets were washed and further infiltrated for 2 hours in a mixture of polyvinylpyrrolidine and sucrose as recommended by Toluyasu." Pyramid-shaped blocks of the infiltrated pellets were cut, mounted on metal stubs, and frozen in liquid nitrogen. Frozen sections were obtained from these blocks according to ultracryomicrotomy techniques described el~ewhere.'~ Sections were cut at -90°C with an MT6000-XL ultracryotome provided with a CR2000 cryounit (RMC, Inc, Tucson, AZ) and stored on formvar-coated copper grids.
An indirect immunocytochemical technique was used for the localization of GPIMX. Sections were first incubated in 1: 100 dilution of the anti-GPIb (antiglycocalicin) for 45 minutes. After repeated washing with PBS, the location of the primary antibody was visualized by incubation with protein A-colloidal gold for polyclonal antibodies for 60 minutes (Amersham International plc, Amersham, UK). The excess of gold particles was removed by washing in PBS. Finally, labeled grids were stained and embedded in a mixture of 2% polyvinyl alcohol and 0.3% uranyl acetate2 before examination.
Preparation and immunolabeling of thin sections. Samples of washed platelets in HBSS combined with 2.5 mmoVL GPRP13 with or without 1 mmoVL EDTA were fixed in suspension with an equal volume of 0.02% glutaraldehyde at 37°C for 15 minutes, then deposited on Falcon polystyrene plastic chambers (IOO8-4; Becton Dickinson, Lincoln Park, NJ). Other samples were exposed to 0.1 U/mL of thrombin and allowed to settle onto the plastic chambers spontaneously for 1, 3, 5 , 10, 20, and 30 minutes before fixation in 0.01% glutaraldehyde. Resting platelets and thrombin-activated cells were washed three times in HBSS containing 0.1% bovine serum albumin. The samples were then agitated for 15 minutes with 10% bovine plasma, ristocetin-activated human plasma or Humate-P, 11150 in HBSS, washed three times in PBS and exposed to anti-vWF for 15 minutes. The plastic chambers were washed three more times and treated with PAClo for 15 minutes. The chambers were again washed three times and refixed in 3% glutaraldehyde in White's saline (a 10% solution of a 1 : 1 mixture of [a] 2.4 mmoVL NaCl, 0.1 mmoV L KC1, 46 mmoVL MgSO,, 64 mmol/L Ca(NO&, 4H20 and [b] 0.13 mmoln NaHCO, . 8 . 4 mmoVL NaH,PO, and 0.1 of phenol red, pH 7.4).25 After 30 minutes at 4°C the chambers were rinsed, supernatant discarded, and replaced with 1% osmic acid in distilled water containing 1.5% potassium ferrocyanide for 1 hour at 4°C. Samples were dehydrated in a graded series of alcohol (30%, 70%, 90%. and 100% X 3). The last exchange of 100% alcohol was removed as propylene oxide was added to replace it. As the chamber containing propylene oxide was gently rocked back and forth, the layers on which platelets were lying loosened from the plastic and floated to the surface. The layer of cells was transferred to an Eppendorf centrifuge tube and infiltrated with Epon 812 (Polysciences, Warrington, PA). Thin sections cut from the plastic blocks on an ultramicrotome were examined unstained or after staining with uranyl acetate and lead citrate to enhance contrast. Examination was ies,14~16 performed in a Philips 301 electron microscope (Philips, Mahwah, NJ). All experiments described in the study have been repeated at least once.
RESULTS
Cryosections of suspension-activated platelets stained for GPZbAX. The morphology of resting and thrombin-activated platelets in cryosections was shown in an earlier study.I4 However, concern expressed about that work suggested that the concentration of thrombin (1 U/mL) was too high or that reversal had taken place by the time our samples were fixed.26 Thus, the present study has used numerous intervals and a lower concentration (0.1 U/mL) of agonist to assess the fate of GPIb/IX receptors on thrombin-activated platelets in suspension.
Frozen thin sections of resting discoid platelets (Figs 1 and 2) incubated with antiglycocalicin antibody followed by Staphylococcus protein A coupled to 5 nm gold particles (PAG,) showed the presence of GPIb/KX receptors covering the exposed surface membrane and lining channels of the OCS. The labeling appeared highly specific. Few particles of PAG, were present in the platelet cytoplasm, organelles, or on the adjacent background. GPIb/IX receptors appeared uniformly distributed on membranes of the exposed surface and OCS.
Cryosections of platelets at intervals of 1, 3, 5, 10, 20, and 30 minutes after exposure to thrombin in suspension (Figs 3 through 12) showed typical features of activation. The cells had lost their discoid form, become irregular with extended pseudopods, and developed internal transfonnation. Organelles andor their membranous remnants were concentrated in cell centers. Similar findings were obtained in the presence or absence of EDTA.
Immunogold staining of GPIb/IX on cryosections of thrombin-activated platelets showed the same distribution of antibody and PAG, as observed on discoid platelets (Figs 1  and 2 ). GPIb/IX receptors covered pseudopods and irregular surfaces of the thrombin-altered platelets. Surface membranes were covered by PAG marking sites of GPIb/IX at all intervals tested (Figs 3 through 12) . No evidence of receptor clearance was noted. Membranes lining channels of the OCS were also covered by gold particles, indicating sites of GPIW IX localization. The density of PAG, markers did not increase at any time after thrombin activation. Similar findings were obtained in the presence or absence of EDTA. Thus, the concept that thrombin activation in suspension causes clearance of GPIb/IX from exposed platelet surfaces to membranes lining channels of the OCS was not supported by these findings.
Thin sections of suspension-activated platelets labeled with vWF. Ultrathin sections of resting, discoid platelets incubated with bovine or ristocetin-activated human vWF showed multimers covering the cell surfaces (Figs 13 and  14) . The multimers were distributed in the form of discrete patches and linear fragments marked by anti-vWF and PAGlo.
Platelets activated by thrombin in suspension showed the same coverage on their external surfaces (Figs 15 through 25) as noted on discoid platelets (Figs 13 and 14) .
. ,i . . tinued interaction of the thrombin-stimulated cells with plastic chambers caused further physical changes in the shapealtered cells, including full spreading (Figs 23 through 2 5 ) .
of GPlb/lX remained the same. Multimers of vWF in discrete patches and linear fragments covered the altered cell surfaces. No differences between control and thrombin-activated platelet labeling could be defined. and the presence of EDTA did not influence the results.
DISCUSSION
The present investigation has used immunogold cytochemistry on cryosections, and vWF as a probe in thin section studies to evaluntc the fate of GPlbllX receptors on thrombin-activated platelets. Cryosections o f resting cells and platelets exposed to thrombin for intervals up to 30 minutes in suspension showed no differences from the control cells. Addition of EDTA to the samples before thrombin had no apparent influence o n the results. PAG5 particles
Figs 5 and 6 . Cryosections of platelets fixed 3 minutes after stimulation by thrombin (0.1 U/mL) in the presence of 1 mmol/L EDTA. Alpha granules (G) are concentrated in platelet centers and the cells are irregular in form. GPlb/lX receptors marked by AG antibody and PAG5 cover the exterior surfaces and line channels of the OCS (l). The density of GPlb/lX appears t o be the same as on resting platelets (Figs 1 and 2) . OM: 5, ~30,000; 6, ~45,000. 
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indicating sites of C P W I X were as dense on pseudopods and irregular bodies of thrombin-stimulated platelets at I. 3. tion of multimers was evident on irregular, exposed surfaces of shape-changed platelets. Multimers extended out onto pseudopods, but were fewer in number near the tips. The tubular structure and narrow diameter of filiform pseudopods may account for decreased binding of high-molecular-weight m~ltimers.'~ vWF multimers were also evenly dispersed over exposed membranes of cells that had spread on the plastic chamber surface. The similarity in the organization and density of vWF multimers on thrombin-activated, spread, and discoid platelets indicated that GPlb/lX receptors capable of binding multimers had not diminished after stimulation.
Results of the present study confirm and extend the findings reported earlier.""' Evaluation of frozen thin sections of resting and thrombin-activated (1 U/mL) platelets fixed IO minutes after exposure to the agent showed no decrease in density of GPIWIX receptors on activated platelet surfaces or increased labeling of membranes lining OCS channels. Concerns were raised that the concentration of thrombin used in that study was too high and the interval selected may have missed the nadir of GPIWIX receptor clearance from the activated platelet exterior.*' The findings obtained in the present study with a lower concentration of thrombin and time intervals covering the maximum expected reduction of GPIblIX on the outside, increase of receptors on internal membranes, and reversal of both phenomena appear to have answered these concerns.
Bovine plasma vWF and ristocetin-activated human plasma vWF were used in our earlier studies to determine the fate of GPIblIX during surface a~tivation.'~"' Platelets allowed to interact with formvar grids for 20 minutes, fixed and incubated with vWF, then stained by anti-vWF antibody and PAG, were covered edge to edge with tortuous linear multimers. Surface activation had failed to cause any reorganization, movement, or clearance of GPIblIX receptors to channels of the OCS. Receptor occupancy by vWF without fixation for up to an hour failed to stimulate GPIblIX translocation, as did occupancy of GPllblIlla by fibrinogen-coated gold particles.''.'" Thrombin activation of platelets in suspension before spreading on formvar also failed to show any decrease in frequency, reorganization, or clearance of GPIbl IX. Combination of all three stimuli, thrombin activation in suspension, surface activation and receptor occupancy for an hour had no more effect on the organization, density and movement of GPIWIX-vWF complexes than any one of them alone.'" However, most of these studies were performed after platelets had been activated in suspension or on surfaces. Recent investigations have used a more dynamic approach. Platelets mounted on formvar grids under conditions to ensure preservation of discoid form and limit surface receptor translocation were labeled with vWF, fibrinogen-coated gold particles (Fgn/Au) as a probe for GPllb/lIla, or both receptor markers t~gether.'~ Inhibitory conditions were removed by washing out cytochalasin and rewarming to 37°C to allow the receptor labeled platelets to spread. GPIIblIlla-Fgn/Au complexes moved from cell edges into central caps and channels of the OCS. GPIblIX-vWF complexes expanded with the membrane as the platelets spread and covered the cells from edge to edge. This study and previously reported finding~'~"' support the concept that GPIblIX receptors remain on the surface of suspension and surface-stimulated platelets throughout activation and retain their ability to bind vWF.
The basis for differenes of opinion reached in the work of other investigators and our conclusions may well be related to the methods used. George et al' and George and Torres' are generally given credit for the original observation that GPlb/IX is less able to bind radiolabeled vWF and monoclonal antibodies (MoAbs) of platelets. However, they were not the first to study the coupling of radiolabeled vWF to platelets after exposure to thrombin. Fujimoto et a13" had shown several years earlier that platelet activation by thrombin or adenosine diphosphate (ADP) caused an increased binding of isotopically labeled vWF that could be blocked by EDTA. It is possible that these workers were actually studying the binding of vWF to the fibrinogen receptor, GPIIb/IIIa, rather than to GPIMX. However, a 100-fold molar excess of fibrinogen to saturate GPIIbfiIIa did not affect vWF binding, whereas enzymatic stripping with cymotrypsin that removed the GPIb complex reduced vWF binding to negligible levels.
In an even earlier study, Grant et all' had noted that ADP inhibited or reversed bovine vWF-stimulated platelet agglutination in the presence of EDTA. This may have been the first report on GPIb "downregulation," but, again, the workers were possibly studying binding of vWF to GPIIb/IIIa, rather than to GPIb. Control studies to differentiate between the two were not included in their report, although bovine vWF, which does not require ristocetin or calcium ions, readily agglutinated platelets in the presence of EDTA, whereas calcium is necessary for its coupling to GPIIb/Illa.
George et because of their observation that MoAb coupling to GPIb/lX was less than expected in the presence of Ca2', routinely performed studies of API binding to thrombin-activated platelets in the presence of EDTA. Early studies by Michelson et al"'"s using flow cytometry and a large number of MoAbs to evaluate thrombin-or plasmininduced downregulation of GPIbflX also used EDTA, and in subsequent investigations used calcium-free buffers to dilute whole blood sixfold after collection at a ratio of 7:l in citrate anticoagulant." HourdillC et aI9.'" and Nurden et al,".'2 in their studies of downregulation of GPIbnX induced by thrombin, regularly used EDTA at a concentration of 5 mmol/L. Thus, low calcium ion concentration may be as important as the agonist for demonstration of thrombin-induced reduction in vWF binding or MoAb coupling to the GPIbflX receptor.
Morphologic studies by HourdillC et a19.'" have suggested that GPIWIX alone or bound to vWF is cleared from exposed surfaces to channels of the OCS after treatment of platelets in suspension with thrombin. However, the present investiga- (Fig 21) and 30 (Fig 22) minutes after exposure t o thrombin and deposition on the plastic chamber. Shape change and internal transformation are advanced, but GPlb/lX receptors capable of binding mukimers of vWF remain evenly dispersed on exposed platelet surfaces. OM: 21, ~22,000; 22, ~33,000.
For personal use only. on October 22, 2017. by guest www.bloodjournal.org From (Fig 231, 20 (Fig 24). and 30 (Fig 25) minutes after exposure to thrombin and deposit on the plastic chamber. Many of the cells treated in this manner spread fully on the plastic surface. GPlb/lX receptors capable of binding vWF remain evenly dispersed on the exposed surfaces of the spread platelets. Degranulation (l) is under way in the spread cell shown in Fig 24. OM: 23, ~18,000; 24, ~23,000; 25, ~23,000. tion and other reports""" do not support that conclusion.
Our findings o n whole mount preparations and on suspended platelets indicate that GPlb/lX receptors and their ability to bind vWF remain intact after exposure of the cells to thrombin. The experiments reported in the present study prepared platelets at intervals over the phase of downregulation and reversal. and none was observed.
A remaining problem regarding our concept that GPIb/IX receptors are not downregulated or cleared from surfaces of thrombin-activated platelets was presented by the report of Kieffer et al.'" Kieffer et al studied the dynamic redistribution of platelet surface receptors on thrombin-activated platelets following attachment and spreading on formvar grids.
The surface-activated platelets before or after exposure to thrombin were incubated with monoclonal or polyclonal antibodies to GPIWIX and combined with an immunogold stain for the antibody. Exposure of spread platelets to thrombin resulted in movement of GPIbAX marked by antibody and immunogold into caps over platelet centers.
We have reevaluated the report by Kieffer et a l in a recent investigation" using the same antiglycocalicin antibody and protein A gold Kieffer et al used to localize GPIWIX. Our findings indicate GPIbllX complexes do move to platelet centers as Kieffer et al'" suggested. but the translocation is not caused by thrombin.2x
In conclusion. results of the present investigation using cryosections and thin sections have evaluated the influence of thrombin on organization of GPIb/lX receptors following activation in suspension. Results show that GPIWIX receptors remain on the exposed platelet surfaces after thrombin activation, and are not cleared to channels of the OCS. Reexamination of the several studies favoring the concept that GPlb/IX receptors coupled or not to vWF are downregulated and almost completely cleared to the OCS after exposure to thrombin has raised serious questions concerning the methods used to arrive at the indicated conclusions.
Based on these concerns and the evidence presented in this and our other studies, it is reasonable to state that GPIb/IX receptors For personal use only. on October 22, 2017. by guest www.bloodjournal.org From
